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Chromatin regulation plays an important role in brain development and the generation of phenotypic diver-
sity. In this issue of Neuron, Jakobsson et al. find that disruption in neurons of KAP1, a key component of
transcriptional repressor complexes in the brain, results in increased anxiety-like behavior and sensitivity
to stress.Two hundred years ago, Lamarck postu-
lated his theory of acquired traits—
namely, that experience results in herita-
ble short-term adaptation. Until very
recently, Lamarck’s ideas were consid-
ered scientific heresy in the face of the ac-
cepted theories of Darwin and Mendel.
Epigenetics, the study of factors that
modify the packaging of DNA to generate
changes in gene expression without alter-
ing the underlying DNA sequence, has
breathed new life into some of Lamarck’s
most criticized ideas. The discovery of im-
printing demonstrated clearly for certain
genes that epigenetic marks can be trans-
mitted from parents to offspring (Fein-
berg, 2007; Wood and Oakey, 2006).
More recently, Meaney and colleagues
have shown that epigenetic marks on
nonimprinted genes can be transmitted
via differences in maternal care across
multiple generations (Zhang et al., 2006).
Modulation of epigenetic factors has
also been observed in response to envi-
ronmental triggers such as aversive
learning paradigms, drug exposure, and
changes in diet and has been associated
with activity dependent plasticity (Feil,
2006; Levenson and Sweatt, 2006;
McClung and Nestler, 2008; Renthal and
Nestler, 2008).
Epigenetic factors appear to be the
ideal substrate for Lamarckian inheri-
tance, and epigenetic mechanisms may
contribute to the complex inheritance
patterns of disorders such as diabetes,
heart disease, depression, addiction,
schizophrenia, and autism (Wong et al.,
2005). Moreover, the discovery that epi-
genetic encoding of environmental infor-
mation can affect cell function even after
development has expanded the focus of
epigenetics to also consider influenceson gene expression in postmitotic cells.
We appear to have entered a new era
of scientific understanding in which
experience is known to act through
changes in the packaging of DNA to
modulate patterns of gene expression.
However, key questions remain regard-
ing how the complex system of epige-
netic marks is regulated, what aspects
of experience are most salient, and how
these factors contribute to the phenotype
of individuals. In this issue of Neuron, Ja-
kobsson et al. (2008) address these
questions in their study of KAP1-medi-
ated repression.
KAP1 is an essential cofactor of Krup-
pel-associated box zinc finger proteins
(KRAB-ZFPs). In the human genome there
are over 400 genes encoding for KRAB-
ZFPs, which are believed to act as epige-
netic repressors. KAP1 is expressed at
high levels within the central nervous
system and is thought to function as
a scaffolding protein for a multimolecular
repressor complex containing compo-
nents with histone methyl transferase
and histone deacetylase activities (Fig-
ure 1). The role of KAP1 in the adult brain
was not known.
Jacobssen et al. (2008) used a condi-
tional genetic strategy to remove KAP1
from neurons during the early postnatal
period. Removal of KAP1 was most pro-
nounced in the dentate gyrus and CA1
regions of the hippocampus, regions im-
portant in learning and anxiety-like behav-
ior. Functional consequences of KAP1
removal were demonstrated using a viral
gene expression system with green fluo-
rescent protein (GFP) under the control
of a promoter containing a KRAB-ZFP
binding site that is susceptible to KAP1-
mediated repression. As expected, theNeuron 60,removal of KAP1 resulted in increased
expression of GFP in brain regions where
KAP1 was absent. Further, endogenous
gene repression was also disrupted.
Two genes that were dramatically upre-
gulated in response to KAP1 removal
had associated changes in epigenetic
modifications within their promoters
consistent with a more open chromatin
structure.
The authors then turned to the interest-
ing question of the behavioral conse-
quences of KAP1 removal. Removal of
KAP1 from mature neurons in the fore-
brain, most notably in the hippocampus,
led to increased anxiety-like behavior,
and directed exploration. Increased anx-
iety-like behavior was found in three
distinct behavioral tests, the open field,
elevated plus maze, and novelty sup-
pressed feeding. Interestingly, the ten-
dency of KAP1-deleted mice to avoid
the central area of the open field was
reversed by placing a novel object in
the center region. We have noted a simi-
lar behavioral phenotype in mice lacking
the serotonin 1a receptor, which is im-
portant in hippocampal development
and function (Klemenhagen et al.,
2006). Supporting an increase in directed
exploration, KAP1-deleted mice showed
increased levels of exploration in the
hole board test. These data provide
a second example, Mecp2 being the
first, where disruption of a component
of a transcriptional repressor complex
leads to alterations in behavioral pheno-
types (Moretti and Zoghbi, 2006). In
both cases, mutant phenotypes included
increased anxiety-like behavior and sen-
sitivity to stress. In related work, Meaney
and colleagues found epigenetically-
mediated effects of early postnatal careDecember 11, 2008 ª2008 Elsevier Inc. 733
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PreviewsFigure 1. Model of KAP1-Mediated Repression
KAP1 acts as a molecular scaffold between a Kruppel-associated box zinc finger proteins (KRAB-ZFPs)
that binds to a DNA consensus sequence and molecules with histone deacetylase (HDAC) and histone
methyltransferase (HMT) activity. Deacetylation and methylation of histones leads to a closed chromatin
state and repression of transcription.on anxiety-like behavior and stress reac-
tivity that could be transmitted across
generations and were associated with
epigenetic changes in DNA methylation
and histone acetylation around the pro-
moter of the glucocorticoid receptor
gene (Zhang et al., 2006). Thus, anxi-
ety-like behavior and stress reactivity ap-
pear to be especially sensitive to epige-
netic influences that may be potentially
adaptive or pathologic.
An important goal for future research
is determining the salient cues for epige-
netic encoding and the purpose this
evolutionary conserved system might
serve. Potential clues are given by the
increased sensitivity to the detrimental
effects of stress on learning in the con-
ditional KAP1 knockout mice. Mice lack-
ing KAP1 in the forebrain were found to
be sensitive to levels of unpredictable
stress that did not affect normal mice.
Specifically, stressed KAP1 knockout
mice performed worse than unstressed
KAP1 knockout mice in the Morris water
maze, a commonly used test of spatial
learning. Stress as a mediator of ad-
verse consequences is a common
theme within the medical field, particu-
larly psychiatry. Stress as a mediator of
effects on chromatin regulation also ap-
pears to be a common theme, and it
was tempting to speculate that the two
processes were linked. The increased
sensitivity to stress in KAP1 knockouts
suggests that stress may lead to psy-
chopathology via epigenetic mecha-
nisms and particularly that epigenetic
repression of gene expression may be734 Neuron 60, December 11, 2008 ª2008 Ea mechanism of buffering potential dele-
terious effects of stress.
The relationship of epigenetic modi-
fications to brain function, stress, and
behavior is likely to be more complex,
as hippocampal overexpression of his-
tone deacetylase 5 (HDAC5), which pro-
motes gene repression, prevented the
ability of imipramine to reverse the ef-
fects of stress on behavior. Further,
changes in BDNF gene expression were
blocked, indicating that the mechanism
was likely related to chromatin regulation
(Tsankova et al., 2006). In contrast to
studies with KAP1 and Mecp2, increas-
ing HDAC5 actually promoted adverse
consequences of stress. Interestingly,
overexpression of Mecp2 leads to similar
phenotypic consequences as its removal
(Moretti and Zoghbi, 2006), potentially
offering some traction to these paradox-
ical observations. A picture has emerged
of a carefully balanced and complex
system that is sensitive to disruption in
either direction.
Targeting to specific genes has been
suggested to be a primary mechanism
by which the modulation of chromatin
regulators exerts effects on brain function
and behavior (Berton et al., 2006). In the
present study, KAP1 removal led to de-
tectable effects on the expression levels
of only a very limited subset of genes.
This would seem surprising given that
more than 7000 sites throughout the ge-
nome are enriched for KAP1 binding. Sim-
ilarly limited effects on gene expression
have been seen when altering normal
levels of Mecp2 or HDAC5 and evenlsevier Inc.with the administration of non-specific
inhibitors of histone deacetylases that
result in changes in the global level of
histone acetylation. Recent work by our
group may help to explain the paradox
of global changes in epigenetic modifica-
tions associated with limited specific
changes in gene expression levels. In
the face of only modest differences in
the expression levels of specific genes,
we found a strong association of differ-
ences in the large-scale distribution pat-
terns of gene expression levels with levels
of anxiety-like behavior in genetically
identical mice (Alter et al., 2008), suggest-
ing that regulation of chromatin might in-
fluence properties of the gene expression
system that go beyond effects on specific
genes. Thus, by combining specific and
global levels of gene expression regula-
tion, chromatin modifiers may help to
specify cellular phenotype through spe-
cific genes and to optimize cellular func-
tion by generally adjusting access to tran-
scriptional machinery.
Will chromatin regulators turn out to
be the target for future ‘‘magic bullet’’
therapies? The complexity of the system
would seem to make this scenario un-
likely. Yet, recent experiments offer
hope. Disorders such as autism were
thought to result from hard-wired defects
in brain development that would be rela-
tively fixed in adulthood. Challenging this
belief, adult rescue of the expression of
Mecp2, an important epigenetic regulator
whose disruption leads to the autism
spectrum disorder Rett syndrome, cor-
rected many of the deficits associated
with its removal during development (Gia-
cometti et al., 2007). Returning to La-
marck, if experience can be encoded in
the form of epigenetic modifications then
it may be possible through the treatment
of parents to exert effects on subsequent
generations. This might help to inform
treatment strategies to target problems
such as child abuse that have nongenetic
components that are transmitted across
generations. The continued study of chro-
matin regulators such as KAP1 promises
to be an exciting and fruitful endeavor.
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The importance of voltage-gated ion
channels in mediating and sculpting
electrical signals in the brain is well
established. The choice of the squid
axon by Hodgkin and Huxley (Hodgkin
and Huxley, 1952) for their pioneering
studies was somewhat fortuitous in the
sense that there are only two main types
of ion channels responsible for the action
potential in squid: sodium and potassium.
If the techniques had been available in the
late 1940s and Hodgkin and Huxley had
chosen toexplore the ionicbasis of electri-
cal signals in a mammalian cortical neu-
ron, their task would have been much
more difficult. For example, we now
know that there are over 52 genes encod-
ing the pore-forming subunits of the ‘‘clas-
sical’’ voltage-gated ion channels inmam-
malian neurons: 4 Nav, 36 Kv, 8 Cav, and
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sembled with heteromers of multiple sub-
units and splice variants, rendering the
combinatorial diversity of voltage-gated
ion channels truly staggering. One of the
great mysteries of neuroscience is why
neurons express so many different types
of channels and why there is such hetero-
geneity in expression patterns both within
a given neuron as well as across different
brain regions.
From the standpoint of information
processing, a single neuron can be
broadly divided into three interrelated
modules: input, integration, and output.
Historically, voltage-gated ion channels
were postulated to play a crucial role at
the output end of a neuron. A passive in-
tegrator feeds an algebraic sum of its in-
puts to a nonlinear device (the cell body),
which fires action potentials depending
on the inputs they receive (Bullock,
1959). The role of various voltage-gated
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anatomy of single action potentials and
their bursts have been teased apart,
and significant information is available
about the activation, deactivation, and in-
activation dynamics of various ion chan-
nels within those millisecond periods
(Bean, 2007). Later, equipped with the
knowledge that there are conductances
that are active subthreshold and that
dendrites possess ion channels, the role
of voltage-gated ion channels in the inte-
gration module received attention (Ma-
gee, 2000; Sjostrom et al., 2008). For ex-
ample, experimental and theoretical
evidence is accumulating on how ion
channels could contribute to integration
of synaptic inputs with and without den-
dritic or backpropagating action poten-
tials (Spruston, 2008).
In an exciting turn of events, especially
for nonsensory neurons, a number of ex-
perimental and theoretical studies have
ecember 11, 2008 ª2008 Elsevier Inc. 735
